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Motivated by a recent experimental work �S. Lederer and H. Winter, Phys. Rev. A 73, 054901 �2006�� we
study the contribution of the 3d shell electrons to the energy loss of 100 keV protons scattered off from the
Cu�111� surface. To describe this process we use a multiple collision formalism, where the interaction of the
projectile with 3d electrons is described by means of a sequence of single encounters with atoms belonging to
the first atomic layer. In order to compare the theoretical energy loss with the experimental data, we add the
contribution of valence electrons, which is evaluated in linear response theory using a response function that
incorporates information on the surface band structure. For completeness, the energy lost by protons is also
calculated within a jellium model that includes 3d and valence electrons with equal footing. Fair agreement
between theory and experiment exists when the 3d shell is taken into account in the calculation.
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I. INTRODUCTION

In a recent paper �1� measurements of the energy loss for
fast hydrogen atoms grazingly colliding with a Cu�111� sur-
face were reported. The experimental data were compared
with previous theoretical values �2,3� of the energy lost by
protons as a consequence of valence electron excitations and
a large discrepancy between theory and experiment was
found. The difference was attributed to the contribution of 3d
electrons of Cu, which constitute an additional channel of
electronic excitation not included into the calculations.

In this work we evaluate the energy loss produced by
excitation of 3d electrons during grazing scattering of pro-
tons from a Cu�111� surface. As 3d electrons are localized
around the surface atoms, to describe this process we employ
a theoretical model that represents the electronic transitions
induced by the projectile along its trajectory as caused by a
succession of single collisions with copper atoms belonging
to the first atomic layer �4�. In the model, the ionization
probabilities associated with these binary encounters
are evaluated within a distorted-wave method—the
continuum-distorted-wave-eikonal-initial-state �CDW-EIS�
approximation—valid at intermediate and high impact ve-
locities.

Like in the experimental work, we confine our study to
100 keV protons impinging on Cu�111� surfaces with graz-
ing angles. At this impact velocity protons move along the
trajectory mainly as bare ions; therefore, the projectile
charge state can be considered as fixed �5�. With the aim of

comparing our results with the experimental data, we added
the contribution of valence electron excitations, calculated
within the dielectric formalism. The dielectric function is
evaluated in linear response theory using a surface response
function that includes detailed information on the band struc-
ture of the Cu�111� surface. Atomic units �e2=�=me=1� are
used unless otherwise stated.

II. THEORETICAL MODEL

When a fast ion grazingly collides with a metal surface, it
loses energy as a consequence of the excitation of both con-
duction electrons of the solid and inner electrons bounded to
surface atoms. These mechanisms of energy loss can be
evaluated separately. In the case of the Cu�111� surface, as
the neutral atom Cu0 contains only one electron in the out-
ermost shell n=4, we consider that the solid atoms cede this
electron to the conduction band of the metal, keeping the rest
of the electrons in the inner shells. Therefore, we propose
that the electron excitation from the 3d level is essentially
caused by binary collisions between the projectile and top-
most atomic cores. Under this assumption and as long as
axial surface channeling is not concerned, the energy loss per
unit path length traveled by the incident ion, due to elec-
tronic transitions from the 3d inner shell, is expressed as �6�

dE�is�

dx
= �s�

−�

+�

dy� dk���k� − �i�Pk�
�at�
„��r��… , �1�
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where P
k�
�at���� is the impact-parameter dependent probability

of atomic ionization, which is associated with the ejection of
an electron with momentum k� and energy �k� =k2 /2 from the
3d initial state, bound to a surface atom with energy �i. In
Eq. �1�, �s is the surface atomic density and the impact pa-
rameter � depends on the position r�= �x ,y� of the considered

surface atom, with ��r��=�y2+Z�x�2, Z�x� the distance of the
projectile to the surface, and x �y� the coordinate parallel
�perpendicular� to the scattering plane within the surface. For
the evaluation of P

k�
�at�

we employ the CDW-EIS approxima-
tion, which is a distorted-wave method that makes use of the
CDW and eikonal wave functions, in the final and initial
channels, respectively �7�. The CDW-EIS approach takes
into account the proper asymptotic conditions, including the
distortion produced by the projectile in both the initial and
final states. To represent the 3d initial state of Cu we used the
Hartree-Fock wave function of Ref. �8�, while the final con-
tinuum state, associated with the electron ejected from the
surface atom, was described as a Coulomb wave function
with an effective charge satisfying the initial binding energy.
Note that at the considered impact energies, transitions from
the 3d level represent the main mechanism of inner-shell
energy loss while contributions coming from deeper shells of
Cu atoms can be neglected in the calculation.

The energy loss coming from valence band excitations is
evaluated using linear response theory following the model
of Ref. �3�. Briefly, the stopping power for a proton traveling
parallel at a distance Z from the Cu�111� surface reads as
follows:

dE�vb�

dx
= −

2

v
� d2Q

�2��2 �Q · v�

� Im�Wind�Q,Z,Z,Q · v����Q · v� , �2�

where v is the velocity of the projectile, v= 	v	, ��x� is the
Heaviside function, and Wind�Q ,Z ,Z ,	� is the Fourier trans-
form of the induced part of the screened interaction, with
respect to the two spatial coordinates parallel to the surface
and the time. The one-electron wave functions used to cal-
culate the induced response function Wind�Q ,Z ,Z ,	� within
the random phase approximation �see �3� for details� are
plane waves in the plane parallel to the surface. Along the
surface normal, the electronic states are taken as the solu-
tions of the Hamiltonian with an analytic one-dimensional
potential, explicitly constructed to reproduce the projected
surface band gap of Cu�111� and its surface state �9,10�.

Finally, the energy lost by the projectile during the graz-
ing collision is obtained from Eqs. �1� and �2� by integrating
dE�j� /dx, j=is,vb, along the projectile trajectory. To repre-
sent the classical path of the proton we use the surface-
projectile potential given by the averaged Ziegler-Biersack-
Littmark screening �11,12�, which describes the static
interaction between the projectile and the crystal surface.
Notice that at the present impact energies, the dynamic po-
larization of the surface might affect the proton trajectory.
However, the effect of this interaction was found to be small,
except for very grazing incidence angles, lower than 0.5°.

III. RESULTS AND DISCUSSION

In Fig. 1 we display the energy lost by 100 keV protons
impinging on a Cu�111� surface, as a function of the inci-
dence angle 
i, measured with respect to the surface plane.
Total results, obtained by adding inner-shell �3d� and
conduction-band contributions, show an angular dependence
similar to the measurements of Ref. �1� but run slightly
above the experimental data. As expected, inner-shell ioniza-
tion from the 3d state of Cu is the main mechanism of energy
loss, and its importance only decreases when the impact
angle diminishes. At large angles of incidence, near the criti-
cal angle of penetration in the bulk, the energy loss by
valence-band excitations E�vb� is lower by a factor higher
than 2 than the inner-shell energy loss E�is�. As discussed in
Ref. �3�, the occupied surface state substantially contributes
to E�vb�, whose value is strongly reduced when the surface
state is not considered in the surface band-structure model.
Partial results from the 3d shell are in overall accord with
measurements. Note, however, that the contribution of 3d
electrons might be reduced if the screening of the projectile
near the surface were included. Besides, our results might be
also affected by the fact that Cu atoms were considered as
isolated, instead of forming part of a surface.

For the sake of completeness, in Fig. 1 we also display the
total energy loss obtained within a jellium model. Since Cu
is not a free electron metal, the use of the jellium model is
questionable. Nevertheless, it has been shown that the stop-
ping power measurements of ions traveling through different
transition metals are well reproduced in the jellium model
using an effective number of free electrons Neff �13�. The
value of Neff is obtained from experimental data of electron
energy loss peaks by means of the free electron gas relation
between the plasmon energy and electronic density. In the
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FIG. 1. Energy loss for grazing scattering of 100 keV protons
from Cu�111� surfaces, as a function of the incidence angle. Dashed
line, inner-shell �is� contribution coming from the 3d level; dotted-
dashed line, valence-band �vb� contribution; solid line, total energy
loss obtained by adding inner-shell and valence-band contributions;
dotted-dotted-dashed line, total result derived from the jellium �jel�
model; dotted line, valence-band without surface state �vb-ss� con-
tribution. Full dots, experimental data of Ref. �1�.
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case of Cu this value corresponds to Neff=3.14 electrons per
atom and rs=1.83 a.u. �14� �where rs= �3/4�n0

eff�1/3 and n0
eff

is the effective electronic density�. Here, we use this value of
rs to calculate the surface stopping power within the jellium
model. Now, the electronic states employed to evaluate the
induced response function Wind�Q ,Z ,Z ,	� of Eq. �2� are the
Kohn-Sham states obtained in the frame of density func-
tional theory for a jellium surface with rs=1.83 a.u. Remark-
ably, the energy loss values derived from the jellium model
properly reproduce the experimental data, though this model
does not include information about the electronic structure of
the surface and treats both inner-shell and valence electrons
as quasifree electrons bounded at the surface by a finite po-
tential barrier.

To inspect the energy loss mechanisms in more detail, in
Fig. 2 we plot the energy loss per unit path length S
=dE /dx, which is usually called distance-dependent stopping
power. Again partial contributions coming from inner-shell
and valence excitations are shown in the figure, as a function
of the distance Z of the projectile to the topmost atomic
layer. The mechanism of ionization from the 3d shell pre-
vails in the region close to the crystal surface, where head-on
collisions occur, but when the distance to the surface in-
creases, the inner-shell contribution decreases and the exci-
tation of valence electrons becomes important. Note that
though the stopping power obtained within the jellium model
and the 3d-electrons contribution display different behaviors
for large distances from the surface, both calculations yield
very similar energy loss in the angular range corresponding
to the experimental data, i.e., 0.75° �
i�1.75° �see Fig. 1�.
This shows that the energy loss in the experiments is gov-
erned by the small impact parameter region, where both
theories provide similar values.

A stringent test of the theory is given by the energy loss
distribution, dS /d�, as a function of the lost energy �. Re-
sults for dS /d� are shown in Fig. 3 for protons moving par-
allel to the surface, considering two different distances from
the topmost atomic layer: Z=0.5 and 2 a.u. When the projec-
tile travels close to the surface �Fig. 3�a��, the total energy

loss spectrum—obtained by adding 3d shell and valence
band contributions—differs from that derived within the jel-
lium model. In particular, in the intermediate energy region,
where inner-shell excitations are dominant, the differential
total energy loss dS /d� decreases slowly, running above the
jellium curve. For low transferred energies, instead, the va-
lence spectrum displays a pronounced maximum at �

0.3 a.u., which corresponds to the surface plasmon fre-
quency. This peak appears shifted towards higher values of �
when the jellium model is employed due to the larger va-
lence electronic density considered within this model. A
similar shift of the plasmon peak is also observed in Fig.
3�b�. But in this case, for intermediate � values the discrep-
ancy between both models is smaller. Notice that the oscil-
latory pattern superimposed to valence and jellium curves is
due to the finite width of the box employed for numerical
calculations.

IV. CONCLUSIONS

We have presented theoretical results for the energy lost
by protons grazingly colliding with a Cu�111� surface, focus-
ing our attention on the inner-shell contribution coming from
the 3d level. This mechanism was evaluated by assuming
that 3d electrons remain bound to the topmost atomic cores,
and its contribution was found relevant for glancing inci-
dence angles.

To derive the total energy loss we added the contribution
due to valence electron excitations, which was obtained
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FIG. 2. Energy loss per unit path length, S=dE /dx, for scatter-
ing of 100 keV protons from Cu�111� surfaces, as a function of the
distance Z of the projectile to the topmost atomic layer. Theoretical
results, similar to Fig. 1.
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FIG. 3. Energy loss distribution, dS /d�, as a function of the lost
energy �, for 100 keV protons moving parallel to the Cu�111� sur-
face. Two different distances to the topmost atomic plane are con-
sidered: �a� Z=0.5 a.u, �b� Z=2 a.u. Dashed line, inner-shell �is�
contribution coming from the 3d level; dotted line, valence-band
�vb� contribution; thick solid line, total result obtained by adding
inner-shell and valence-band contributions; thin solid line, total re-
sult derived from the jellium �jel� model.
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within the linear response theory, including features of the
surface band structure. Total results are in agreement with
the experimental data, showing a similar behavior as a func-
tion of the incidence angle. In addition, we also calculated
the energy loss within a jellium model, in which an effective
number of free electrons is used to describe the contribution
of both 3d and 4s electrons. Notably, results derived from
this simple theory are in good accord with the experiment.
Differences between both theoretical approaches are mainly
observed in energy loss spectra at energies below 3 a.u.

ACKNOWLEDGMENTS

This work was supported by CONICET, UBA, and
ANPCyT of Argentina and by the Spanish MCyT �Grant No.
FIS2007-066711-CO2-00�. One of the authors �M.S.G.�
thanks the High-Performance Opteron Parallel Ensemble
Cluster �Institute of Astronomy and Space Science� for pro-
viding computational support for this work. Computational
resources were also provided by the Donostia International
Physics Center.

�1� S. Lederer and H. Winter, Phys. Rev. A 73, 054901 �2006�.
�2� M. Alducin, V. M. Silkin, J. I. Juaristi, and E. V. Chulkov,

Nucl. Instrum. Methods Phys. Res. B 193, 585 �2002�.
�3� M. Alducin, V. M. Silkin, J. I. Juaristi, and E. V. Chulkov,

Phys. Rev. A 67, 032903 �2003�.
�4� M. S. Gravielle, Phys. Rev. A 62, 062903 �2000�.
�5� M. S. Gravielle and J. E. Miraglia, Phys. Rev. A 50, 2425

�1994�.
�6� A. Arnau, M. S. Gravielle, J. E. Miraglia, and V. H. Ponce,

Phys. Rev. A 67, 062902 �2003�.
�7� P. D. Fainstein, V. H. Ponce, and R. D. Rivarola, J. Phys. B 22,

1207 �1989�.
�8� E. Clementi and C. Roetti, At. Data Nucl. Data Tables 14, 177

�1974�, Table 1.
�9� E. V. Chulkov, V. M. Silkin, and P. M. Echenique, Surf. Sci.

391, L1217 �1997�.
�10� E. V. Chulkov, V. M. Silkin, and P. M. Echenique, Surf. Sci.

437, 330 �1999�.
�11� J. F. Ziegler, J. P. Biersack, and U. Littmark, The Stopping and

Range of Ions in Solids �Pergamon, New York, 1985�, Vol. 1.
�12� J. I. Juaristi, F. J. García de Abajo, and P. M. Echenique, Phys.

Rev. B 53, 13839 �1996�.
�13� J. E. Valdes, J. C. Eckardt, G. H. Lantschner, and N. R. Arista,

Phys. Rev. A 49, 1083 �1994�.
�14� D. Isaacson, New York University Document No. 02698, Na-

tional Auxiliary Publication Service, New York, 1975.

BRIEF REPORTS PHYSICAL REVIEW A 76, 044901 �2007�

044901-4


